We present the results of searches for gravitational waves from a large selection of pulsars using data from the most recent science runs (S6, VSR2 and VSR4) of the initial generation of interferometric gravitational wave detectors LIGO (Laser Interferometric Gravitational-wave Observatory) and Virgo. We do not see evidence for gravitational wave emission from any of the targeted sources but produce Gravitational waves from known pulsars 3 upper limits on the emission amplitude. We highlight the results from seven young pulsars with large spin-down luminosities. We reach within a factor of five of the canonical spin-down limit for all seven of these, whilst for the Crab and Vela pulsars we further surpass their spin-down limits. We present new or updated limits for 172 other pulsars (including both young and millisecond pulsars). Now that the detectors are undergoing major upgrades, and, for completeness, we bring together all of the most up-to-date results from all pulsars searched for during the operations of the first-generation LIGO, Virgo and GEO600 detectors. This gives a total of 195 pulsars including the most recent results described in this paper.
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INTRODUCTION
Pulsars are spinning, magnetized neutron stars with slowly decreasing rotation rates. In the model of a triaxial ellipsoid star, a deformation (possibly from shear strains in the solid part(s) of the star, or from magnetic stresses) can appear as a time-varying quadrupole moment as the star rotates. The observed loss of rotational energy, known as the spin-down luminosity (given byĖ = I zz Ω|Ω| = 4π 2 I zz f rot |ḟ rot |, where I zz is the moment of inertia around the principal axis (aligned with the rotation axis), f rot is the rotation frequency, andḟ rot is the rotational frequency derivative) provides a huge reservoir of energy. Along with magnetic dipole radiation some fraction of this reservoir is potentially dissipated through gravitational wave emission (see Shklovskii 1969; Ostriker & Gunn 1969; Ferrari & Ruffini 1969; Melosh 1969 for four contemporaneous calculations of gravitational wave emission from soon after pulsars were discovered, or e.g. Owen 2006 for a review of more recent emission mechanism calculations). Known pulsars usually have precisely determined frequency evolutions and sky-positions making them ideal targets for gravitational wave detectors. If a pulsar is monitored regularly through electromagnetic observations it can yield a coherent phase model, which allows gravitational wave data to be coherently integrated over months or years.
Since the initial science data runs of the Laser Interferometric Gravitational-wave Observatory (LIGO), Virgo and GEO600, searches have been performed for continuous quasi-monochromatic gravitational wave emission from many known pulsars (Abbott et al. 2004 (Abbott et al. , 2005 (Abbott et al. , 2007b (Abbott et al. , 2008 (Abbott et al. , 2010 Abadie et al. 2011) . Most recently 116 known pulsars were targeted using data from LIGO's fifth science run (S5 Abbott et al. 2010) , and the Vela pulsar (J0835−4510) was targeted using data from Virgo's second science run (VSR2). These searches reported no detections, but provided upper limits on the gravitational wave amplitude from the sources and surpassed the so-called spin-down limit (see Section 1.1) for the Crab and Vela pulsars.
We aim here to search for gravitational wave emission from a large selection of stars including some of those with the largest spin-down luminosities. Due to the sensitivity reduction caused at low frequency by seismic noise at the detectors, it is not worthwhile to search for pulsars with rotational frequencies, f rot , smaller than about 10 Hz, which corresponds to gravitational wave mass quadrupole emission at frequencies, f gw = 2f rot , smaller than 20 Hz. The exact value of this gravitational wave low-frequency cut-off is rather arbitrary, our choice of taking 20 Hz is motivated by the presence of several noise lines and bumps in Virgo data at lower frequencies. In general, young pulsars, with large spin-down luminosities are searched for at lower frequencies where the Virgo detector has better sensitivity, whereas the search for millisecond pulsars (MSPs) is conducted at higher frequencies where the LIGO detectors are more sensitive. The selection of pulsars will be discussed more fully in Section 2.
1.1. The signal The expected quadrupolar gravitational wave signal from a triaxial neutron star 144 steadily spinning about one of its principal axes of inertia is at twice the rotation frequency, with a strain of h(t) = 1 2 F + (t, ψ)h 0 (1 + cos 2 ι) cos φ(t)
+ F × (t, ψ)h 0 cos ι sin φ(t)
in the detector, where
is the dimensionless gravitational wave strain amplitude. h 0 is dependent on I zz , the fiducial equatorial ellipticity, defined as ε =
Ixx−Iyy Izz
in terms of principal moments of inertia, the rotational frequency, f rot , and the distance to the source d. The signal amplitudes in the two polarizations ('+' and '×') depend on the inclination of the star's rotation axis to the line-of-sight, ι, while the detector antenna pattern responses for the two polarization states, F + (t, ψ) and F × (t, ψ), depend on the gravitational wave polarization angle, ψ, as well as the detector location, orientation and source sky position. The gravitational wave phase evolution, φ(t), depends on both the intrinsic rotational frequency and frequency derivatives of the pulsar and on Doppler and propagation effects. These extrinsic effects include relativistic modulations caused by the Earth's orbital and rotational motion, the presence of massive bodies in the solar system close to the line-of-sight to the pulsar, the proper motion of the pulsar, and (in the case of a binary system) pulsar orbital motions. We will assume that φ(t) is phase-locked to the electromagnetic pulse phase evolution, but with double the value and with an initial phase offset, φ 0 . Given this phase evolution, the four unknown search parameters are simply h 0 , cos ι, φ 0 and ψ. The gravitational wave amplitude is related to the star's l = m = 2 mass quadrupole moment via (see e.g. Owen 2005)
where Q 22 is the slightly non-standard definition of quadrupole moment used in Ushomirsky et al. (2000) and many subsequent papers. This value can be constrained independently of any assumptions about the star's equation of state and moment of inertia. If we allocate all the spin-down luminosity,Ė, to grav-itational wave luminosity,Ė gw , wherė
then we have the canonical 'spin-down limit' on gravitational wave strain
where I 38 is the star's moment of inertia in the units of 10 38 kg m 2 , and d kpc is the distance to the pulsar in kiloparsecs. The spin-down limit on the signal amplitude corresponds (via equation 2) to an upper limit on the star's fiducial ellipticity
Johnson-McDaniel (2013) shows how to relate this to the physical ellipticity of the star's surface for a given equation of state. A gravitational wave strain upper limit that is below the spin-down limit is an important milestone, as such a measurement is probing uncharted regions of the parameter space. Likewise it directly constrains the fraction of spin-down power that could be due to the emission of gravitational waves, which gives insight into the overall spin-down energy budget.
The science runs
In this paper we have used calibrated data from the Virgo second (Aasi et al. 2012 ) and fourth science runs (VSR2 and VSR4) and the LIGO sixth science run (S6). Virgo's third science run (VSR3) was relatively insensitive in comparison with VSR4 and has not been included in this analysis. This was partially because Virgo introduced monolithic mirror suspensions prior to VSR4 which improved sensitivity in the low-frequency range. During S6, the two LIGO 4 km detectors at Hanford, Washington (LHO/H1), and Livingston, Louisiana (LLO/L1), were running in an enhanced configuration (Adhikari et al. 2006) over that from the previous S5 run (Abbott et al. 2009 ). Table 1 shows dates of the runs, the duty factors and science data lengths for each detector that we analyzed.
The Virgo and LIGO data used in these analyses have been calibrated through different reconstruction proce-145 As noted in Johnson-McDaniel (2013) , the versions of this equation given inline in the first paragraph of Abbott et al. (2008) , as equation (1) in Abbott et al. (2010) and as equation (14) in Abadie et al. (2011) Johnson-McDaniel (2013) , the versions of this equation given inline in Section 3 of Abbott et al. (2008) and as equation (7) in Abbott et al. (2010) dures, but both based ultimately on the measured response to actuation controls on the positions of the mirrors that define the interferometers. For Virgo VSR2, the calibration uncertainty was about 5.5% in amplitude and ∼50 mrad (3 • ) in phase over most of the frequency range (Accadia et al. 2011) . For VSR4, the uncertainty amounted to about 7.5% in amplitude and to (40 + 50f ) mrad in phase, where f is the frequency in kilohertz, for frequencies up to 500 Hz (Mours & Rolland 2011) . For LIGO, the S6 calibration uncertainties over the relevant frequency range (50-1500 Hz) were up to ∼19% in amplitude and ∼170 mrad (10 • ) in phase for L1, and up to ∼16% in amplitude and ∼120 mrad (7
• ) for H1 (Bartos et al. 2011) . These phase errors are well within the range (i.e. less than 30
• as applied in Abbott et al. 2007b ) that would cause significant loss in signal power due to decoherence between the pulsar signal and the assumed phase evolution.
Methods
We used three semi-independent methods (very similar to those used in the Vela pulsar search in Abadie et al. 2011 ) to search for signals described in Section 1.1. Here, we briefly outline their operation, but for full descriptions we refer the reader to the references below. Two of the search methods work with time domain data that has been heterodyned to remove the signal's phase evolution and then heavily decimated. This leaves a complex data stream in which any signal would only be modulated by the detector's beam pattern. In the first method, this data stream is used to give Bayesian parameter estimates of the unknown signal parameters 147 (Dupuis & Woan 2005) . The second method computes the maximum likelihood F-statistic rather than a Bayesian posterior (or in case where ψ and ι are well constrained, the G-statistic) (Jaranowski & Królak 2010) . The third method (Astone et al. 2010 ) makes use of a Short Fourier Transform Database (SFDB) of each detector's data. After the extraction of a small frequency band around the signal's expected frequency, the Doppler effect, Einstein delay and spin-down are removed in the time domain and the data are down-sampled with a re-sampling technique. Two matched filters on the '+' and '×' signal Fourier components are then computed at the five frequencies at which the signal power is spread due to the signal amplitude and phase modulation; they are used to build a detection statistic and to estimate signal parameters in the 147 For this analysis the parameter posterior distributions were recreated using a Markov chain Monte Carlo (Abbott et al. 2010) . For each pulsar five independent chains were produced with 50 000 burn-in samples and 200 000 posterior samples in each. The chains were thinned using the autocorrelation length to give uncorrelated samples, and to test for convergence, the chains were then examined by eye, and a Gelman-Rubins test was performed (see e.g. Brooks & Roberts 1998).
case of detection. This 5-vector method has been extended over that used in Abadie et al. (2011) to allow for coherent analysis of data from multiple detectors (Astone et al. 2012) . Each of these methods can incorporate prior information on the pulsar's inclination and polarization angle. From here on, we will refer to the first method as the Bayesian method 148 , the second as the F/G-statistic method and the third as the 5n-vector method, where n refers to the number of datasets coherently combined.
All three methods apply some data cleaning. The procedure used to obtain the heterodyned data removes extreme outliers by running two passes of a scheme that identifies points with absolute values greater than five times the standard deviation of the dataset. The F/Gstatistic method performs further cleaning of this data through the Grubbs test (see Abadie et al. 2011 ). In the 5n-vector method, after an initial time-domain cleaning before the construction of the SFDB, a further cleaning step is applied on the final down-sampled time series in which the largest outliers belonging to the non-Gaussian tail of the data amplitude distribution are removed.
We have incorporated some limits from the previous LIGO S5 results (Abbott et al. 2010) as priors in the Bayesian analysis. However, the S6/VSR2,4 phase models were produced with updated pulsar ephemerides resulting in an unknown phase offset between them and the S5 results. We have, therefore, simply used the S5 marginalised posterior on h 0 and cos ι, p(h 0 , cos ι), as our prior for the new results. In the case of glitching pulsars (see Section 2), we used the same approach and (incoherently) combined the separate coherent analyses produced between glitches. In the case of the F/G-statistic method, the results from different detectors or different inter-glitch periods are combined incoherently by adding the respective statistics. Also, for the 5n-vector method, results from different inter-glitch periods are incoherently combined by summing the corresponding statistics. Our reasons for not coherently combining the data over glitches are twofold. The first is that we do not know how a glitch would effect the relative phase offset between the electromagnetic pulses and the gravitational wave signal. The second reason is a practical consideration based on the timing solutions we have for our pulsars. For three of the four glitching pulsars (all except J0537−6910) in this analysis we have separate timing solutions for each inter-glitch period. These separate timing solutions, as provided by the pulsar timing software TEMPO(2), do not give an epoch defined at a fixed pulse phase (i.e. the epoch is not given as the time of the peak of a particular pulse), so there is some unknown phase offset between the separate solutions. However, if this phase offset were known (e.g. by going back to the original pulsar pulse time of arrival data) the gain in sensitivity would still be minimal: for the Vela pulsar and J1813−1246 the data from VSR4 (which was after the glitches in these pulsars) was much more sensitive, so completely dominates the result; for J1952+3252 the post-glitch data contains the latter part of S6, which was more sensitive and would again dominate the results. For J0537−6910 the epoch for each inter-glitch timing solution is defined (see Table 6), so the electromagnetic phase could be tracked over the glitches, but again our result is dominated by the longest and most sensitive inter-glitch period.
Even without a detection, all three methods can be used to produce upper limits on the gravitational wave amplitude from the pulsars. Here, we will quote 95% confidence upper limits on the amplitude. In the Bayesian method, an upper limit on the h 0 posterior (after marginalization over the orientation parameters) is found by calculating the upper bound, from zero, on the integral over this posterior that encloses 95% of the probability. In the F/G-statistic method, a frequentist upper limit is calculated through Monte-Carlo simulations, which find the value of h 0 for which 95% of trials exceed the maximum likelihood statistic 149 . The 5n-vector method computes an upper limit on the H 0 posterior, given the actual value of the detection statistic, and the marginalization over the other parameters is implicitly done in the Monte Carlo simulation used to compute the likelihood. The amplitude, H 0 , is linked to the classical h 0 , given by equation 2, by the rela- Abadie et al. 2011 ). H 0 is the strain amplitude of a linearly polarized signal with polarization angle ψ = 0. In order to convert an upper limit on H 0 to an upper limit on h 0 , we use the previous equation replacing the coefficient on the right hand side with its mean value over the distribution of cos ι used in the upper limit procedure. This is justified by the fact that the posterior distribution of H 0 is not dependent on ι. The three methods have been tested with hardware and software simulated signal injections to check that they can recover the expected signal model (see e.g. Abadie et al. 2011) . In the Bayesian analysis these upper limits are really 95% credibility, or degrees-of-belief, values, whereas for the frequentist analysis these are 95% confidence values. These are both asking different questions and in general should not be expected to produce identical results. A brief discussion of this is given in the first search for a pulsar in LIGO data in Abbott et al. (2004) , whilst a more technical discussion of the differences between the upper limits can be found in Röver et al. (2011) .
PULSAR SELECTION
The sensitivity of the Virgo and LIGO detectors allows us to target pulsars with f rot > 10 Hz. Currently the Australia Telescope National Facility (ATNF) pulsar catalog (Manchester et al. 2005) contains data for 368 pulsars (out of a total of 2264) consistent with this criterion 150 . The majority of these (∼90%) are recycled MSPs that have been spun-up to high rotation frequencies by accretion from a binary companion which may still be present (see e.g. Lorimer 2008 , for an overview of MSPs and binary pulsars). MSPs spin down slowly (witḣ f rot between approximately −10 −14 and −10 −17 Hz/s) and have characteristic ages 151 greater than a few times 10 8 years, implying a comparatively weak surface polar magnetic field (10 8 B s 10 9 G, via the relation for an orthogonal rotator with radius 10 km and I zz = I 38 of B s = 3.3×10
19 (|ḟ rot |/f 3 rot ) 1/2 G) compared to "normal" pulsars. About 10% are young pulsars withḟ rot between approximately −10 −10 and −10 −12 Hz/s, characteristic ages of between ∼1000 and a few tens of thousands of years, and therefore with the large implied surface magnetic fields of "normal" pulsars, B s ∼ 10 12 G. They are situated towards the low-frequency end of our sensitivity range.
Young pulsars have large spin-downs and relatively low frequencies, so in general have the highest gravitational wave spin-down limits, see equation 5. This makes them particularly important targets as the limits can be within reach of current detectors. Equations 3 and 6 show that to produce emission at around the spin-down limit the required mass quadrupole/ellipticity would have to be large, at a level consistent with only the most exotic neutron star equations of state (see the discussion in Section 4). Such strong emission is unlikely, but its detection would have profound implications. Young pulsars also often show rotational anomalies such as glitches and timing noise (see e.g. Helfand et al. 1980) . The underlying causes of such phenomena are still quite uncertain, and gravitational wave data would be a powerful constraint. For the MSPs, the spin-down limits are generally several orders of magnitude below those for the young pulsars. They are located, however, in a more sensitive frequency range.
Electromagnetic pulsar observations
For this analysis, we have obtained ephemerides using radio, X-ray and γ-ray observations. The radio telescope observations have come from a variety of sources: the 12.5-m telescope and Lovell telescope at Jodrell Bank in the UK, the 26-m telescope at Hartebeesthoek in South Africa, the 15-m eXperimental Development Model (XDM) telescope in South Africa, the Giant Metrewave Radio Telescope (GMRT) in India, the Robert C. Byrd Green Bank Radio Telescope (GBT) in the US, the Parkes radio telescope in Australia, the Nançay Decimetric Radio Telescope in France and the Hobart radio telescope in Australia. High energy X-ray and γ-ray timings have been obtained from the Rossi X-ray Timing Explorer (RXTE) and the Fermi Large Area Telescope (LAT).
In total, for this analysis, we collected timing solutions for 179 pulsars. This selection includes 73 pulsars that have not been previously studied. However, for five of the pulsars targeted in the S3/S4 analysis (Abbott et al. 2007b ) and another eleven of the pulsars targeted in the S5 analysis (Abbott et al. 2010) , new coherent timing solutions were not available, so these stars 152 have not been included in this search.
High interest targets
As discussed in Abbott et al. (2008) 153 , due to our ignorance of the correct neutron star equation of state there is a large uncertainty in the moments of inertia for our targets, from 1 to 3×10 38 kg m 2 . Therefore, the canonical spin-down limit estimates could be increased by a factor of ∼1.7. Also, there are uncertainties in some pulsar distance measurements of up to a factor of two which could further increase or decrease the spin-down limit. We therefore identified all sources that were within a factor of four of the canonical spin-down limit as worthy of special attention. Seven of the pulsars for which we have obtained timing solutions beat, or approach to within a factor of four, this limit. The electromagnetic observation epochs for each pulsar (which include each 152 The five additional pulsars targeted in S3/S4 were J1435−6100, J1629−6902, J1757−5322, J1911+0101A and J1911+0101B and the eleven additional pulsars targeted in S5 were J1701−3006B, J1701−3006C, J1748−2446P, J1748−2446ad, J1824−2452B, J1824−2452C, J1824−2452E, J1824−2452F, J1824−2452G, J1824−2452H, J1824−2452J.
153 Note that Johnson-McDaniel (2013) computes even larger potential moments of inertia at ∼5×10 38 kg m 2 for some solid quark stars.
inter-glitch epoch for pulsars that glitched during the analysis) are given in Table 2 .
Further details of these observations are given below: J0534+2200 (the Crab pulsar) We have used the Jodrell Bank Monthly Ephemeris (Lyne et al. 1993) to track the phase of the Crab pulsar over the period of our runs. This ephemeris has timing solutions using the DE200 solar system ephemeris and the TDB time coordinate system. During S6/VSR2,4 the pulsar did not show signs of any timing glitches.
J0537−6910 (N157B) Long-term X-ray timing has been performed with the RXTE (Middleditch et al. 2006) . Recent data covering S6 shows four glitches over the span of our science runs and the ephemerides for each inter-glitch epoch are given in Appendix A. The timing solutions used the DE200 solar system ephemeris (see Marshall et al. 1998) and the TDB time coordinate system. Several more glitches have been observed since the end of our science runs, but we do not report on them here.
J0835−4510 (the Vela pulsar) Radio observations over the period of VSR2 were taken with the Hobart radio telescope in Tasmania and the Hartebeesthoek 26-m radio telescope in South Africa (Abadie et al. 2011) . Radio timing over the VSR4 run was performed with the XDM telescope and the 26-m telescope at Hartebeesthoek. The timing solutions have used the DE405 solar system ephemeris and the TCB time coordinate system. Vela was observed to glitch on 2010 July 31 (Buchner 2010) , between VSR2 and VSR4, but it has not glitched since then.
J1813−1246
This pulsar was discovered in a search of gamma-ray data from the Fermi LAT (Abdo et al. 2009 ), and using the unbinned maximum likelihood methods of Ray et al. (2011) timing measurements were made covering all our runs. It was observed to glitch once during this time on 2009 September 20. Pre-and-post glitch timing solutions have been produced using the DE405 solar system ephemeris and the TDB time coordinate system. J1833−1034 (G21.5−0.9) The period from the start of S6/VSR2 until 2011 January is covered by observations made with the Giant Metrewave Radio Telescope (GMRT) (Roy et al. 2012 (Ng & Romani 2004 .
• .5 ± 8 • .6 † The polarization angle is not taken from a fit to the pulsar wind nebula, but instead is the average of the angle calculated from proper motion measurements and Hα observations of a bow shock (Ng & Romani 2004). 55327), between the end of S6/VSR2 and the start of VSR4. Phase incoherent pre-and post-glitch timing solutions have been produced using the DE405 solar system ephemeris and the TCB time ephemeris. The solution include fits to the timing noise using the tempo2 Fitwaves method described in Hobbs et al. (2006) .
For several of these pulsars potential constraints on their orientations (the inclination ι and polarization angle ψ 154 ) are available from observations of their pulsar wind nebulae (Ng & Romani 2004 . These are listed in Table 3 where the uncertainties used are estimated from the systematic and statistical values given in Ng & Romani (2004 , and the mean angle value is used if multiple fits are given (e.g. fits to the inner and outer tori of the Crab pulsar wind nebula). We briefly discussed how these constraints are used in the analyses in Section 1.3.
For J0534+2200 and J0537−6910, the Bayesian method also makes use of results from the LIGO S5 run (Abbott et al. 2010 ) as a prior on the h 0 and cos ι parameters. During S5, both of these pulsars glitched, and the data for each inter-glitch period was analyzed independently. Results were also produced assuming that the data could be analyzed coherently over the glitches. To avoid the assumptions about coherence over the glitches, we have used the independent inter-glitch results that gave the lowest h 0 as the prior for the current analysis (see Table 3 of Abbott et al. 2010 ).
RESULTS
None of the searches yielded evidence of a gravitational wave signal, and upper limits have been placed on signal strengths. These limits are subject to the uncertainties in the amplitude calibration, as discussed in Section 1.2. For the joint results, which combine data from multiple detectors, the sensitivity is often dominated by the most sensitive instrument. Therefore, we expect the amplitude uncertainty due to calibration uncertainties to also be dominated by the most sensitive instrument. So, following the calibration error given in Section 1.2, below ∼50 Hz we have an amplitude uncertainty of ∼6%, and above that we have uncertainty of ∼20%. The phase uncertainties are small enough to have a negligible contribution to the possible amplitude uncertainty.
3.1. Data selection As discussed in Section 2.1, for a few pulsars the electromagnetic observations did not always span the S6/VSR2,4 runs completely, and some pulsars glitched during the runs. As a result, we deal with these instances separately. In most cases, we can use all the data coherently, but, in other cases, sections of data must be combined incoherently. The relative sensitivities of the detectors at the pulsar frequencies also dictate whether we have used Virgo-only, LIGO-only or Virgo and LIGO data (see Fig. 1 ). For J0537−6910, only the LIGO data has been used because of its better sensitivity at the corresponding frequency, and results from each inter-glitch period have been combined incoherently. For J0835−4510 (the Vela pulsar), a glitch occurred just prior to VSR4 and we had no phase-connected timing solution between VSR2 (Abadie et al. 2011 ) and VSR4 epochs. The VSR2 results and VSR4 data have therefore been incoherently combined. For J1813−1246, the results from the pre-and post-glitch periods using all data from S6 and VSR2,4 have been combined incoherently. For J1833−1034, only VSR2 data up to the time of the observed glitch has been used.
The parameters and results (from the three different analyses discussed in Section 1.3) for the seven pulsars highlighted in Section 2.1 are given in Tables 4 and 5 , respectively. Table 5 gives the 95% upper limit on the gravitational wave amplitude, h 95% 0 , the equivalent limits (via equation 3) on the stars fiducial ellipticity, ε, and mass quadrupole moment, Q 22 , the ratio of the limit to the spin-down limit, h 95% 0 /h sd 0 , and the limit on the gravitational wave luminosity compared to the total spin-down luminosity. This final value is given in the form of the percentage of the spin-down luminosity required to produce a gravitational wave at the amplitude limit (it can be seen from equation 4 that this is just the square of the ratio h 95% 0 /h sd 0 ). For those pulsars with constrained orientations (see Table 3 ) the results with and without the constraints are also given in Tables 5. Despite the very tight constraints given in Table 3 it should be noted that these results would only show minor differences if the angle (ι and ψ) errors were expanded to several times the given values. This is because the recovered posterior probability distributions on these parameters are slowly and smoothly varying over their parameter ranges. A brief discussion of the differences between the upper limits from the different methods is given in Section 1.3.
One of the new targets, J1824−2452I (which is an interesting pulsar that is seen to switch between being accretion and rotation powered Papitto et al. 2013) , had a coherent timing solution that covered 2006, so S5 data from the LIGO detectors has been reanalyzed for this result. For all other pulsars, we have used only the VSR2 and VSR4 data if f gw < 40 Hz, and have coherently combined VSR2, VSR4 and S6 data from H1 and L1 for pulsars with f gw > 40 Hz. All the available science mode data (i.e., when the detectors were operating in a stable state) has been used, with details given in Table 1 .
For the 19 pulsars with f gw < 40 Hz the results can be found in Table 7 . Because of their low frequencies, none upper limits (given by ) for 195 pulsars from the LIGO and Virgo S3/S4, S5, S6, VSR2, and VSR4 runs. The curves give estimated relative strain sensitivities of these runs and potential future science runs. The sensitivities are based on the harmonic mean of the observation time (T ) weighted one-sided power spectral densities Sn from all detectors operating during the given run, and are given by 10.8 Sn/T , where the scale factor of 10.8 is given in Dupuis & Woan (2005) . The AdV/aLIGO curve assumes a joint analysis of two equally sensitive advanced LIGO detectors and the advanced Virgo detector operating at their full design sensitivities with one year of coherent integration (the sensitivity curves are those given in Aasi et al. 2013c) . The give the spin-down limits for all (non-Globular Cluster) pulsars, based on values taken from the ATNF catalog and assuming the canonical moment of inertia. The show the observational upper limits from Tables 5, 7 and 8, with the seven high interest pulsars represented by the larger, lighter colored stars. Results for pulsars using the previous S3/S4 and S5 data are given by the small lighter colored stars. Kaplan et al. (2008) . b Pietrzyński et al. (2013) . c Dodson et al. (2003) . d This distance is the average of the two estimates from Wang (2011) , which allow a distance between ∼0.9-3.5 kpc. e Tian & Leahy (2008) . f The distance is taken from the ATNF pulsar catalog (Manchester et al. 2005 ). Note. -Detector calibration errors mean that for pulsars with fgw below and above 50 Hz (see Table 4 ) there are ∼6% and ∼20% uncertainties respectively on these limits. of these pulsars had been targeted before.
Results for pulsars with f gw > 40 Hz using S6 and VSR2,4 are shown in Table 8 . Distances to pulsars in Terzan 5 (with designations J1748−2446) are assumed to be 5.5 kpc (Ortolani et al. 2007 ) rather than the value of 8.7 kpc given in the ATNF catalog, and distances to the pulsars in M28 (with designations J1824−2452) are assumed to be 5.5 kpc (Harris 1996) rather than the distance of 4.9 kpc given in Abbott et al. (2010) . Unless otherwise specified in the table for all other pulsars we use the distance values given by the DIST value in the ATNF catalog (Manchester et al. 2005) , which generally are dispersion measure calculations from the electron density distribution model of Taylor & Cordes (1993) . For the 16 pulsars where new timing solutions were not available during the most recent runs (see Section 2.1), we include the results from the LIGO S3/S4 (Abbott et al. 2007b ) and S5 analysis (Abbott et al. 2010) .
The gravitational wave amplitude upper limits as a function of frequency are plotted in Fig. 1 and Fig. 2 (showing a version just containing the seven high interest pulsars), which also show bands giving the expected sensitivity of the analysis. The upper limits in histogram form for all pulsars can be seen in Fig. 3 . The histograms show that the distribution of h 0 upper limits is peaked just below 10 −25 , corresponding to equivalent peaks on ε and Q 22 of ∼10 −6 and ∼10 −32 kg m 2 . The spin-down limit ratios shows that we are within a factor of 100 for just over half of the pulsars. It is interesting to see that due to the shape of the detector sensitivity curves the lower frequency young pulsars (analysed only with Virgo data) have the highest amplitude limits, but as several have high spin-down luminosities they have an approximately uniform spread in spin-down limit ratios.
DISCUSSION
We have seen no credible evidence for gravitational wave emission from any known pulsar, but have been able to place upper limits on the gravitational wave amplitude from an unprecedented number of pulsars. In this work we have produced entirely new results for 73 pulsars and updated the results of previously searches for 106 pulsars, with results from a further 16 from previous analyses being reproduced here. A total of 195 pulsars have now been targeted over the lifetimes of the first generation of interferometric gravitational wave detectors.
Quadrupole estimates
As discussed in the introduction, we have targeted the gravitational-wave signature of the time-varying l = m = 2 quadrupole moment. There is great uncertainty, however, as to whether neutron stars can form and sustain sufficient elastic deformations to give an observable quadrupole, and this, in turn, makes it difficult to model a realistic source population. The recent work by Johnson-McDaniel & Owen (2013) ). It is worth noting that these are maximum allowable quadrupoles, and it is still unknown whether they are realized in nature for reasons described in Abbott et al. (2007a) .
A mass quadrupole may also be generated by distortional pressure from the star's magnetic field (see e.g. Bonazzola & Gourgoulhon 1996; Cutler 2002; Ciolfi et al. 2010) . The external dipole field of a pulsar is usually estimated from its rotational spin-down, assuming this is due to magnetic dipole radiation (equivalent to the gravitational wave spin-down limit that we define). As discussed in Section 2, this gives external surface dipole field strengths of ∼10 9 G for MSPs and ∼10 12 G for normal pulsars. Internal fields of this magnitude are too small to induce mass quadrupoles that would be currently observable, but the field strengths of some magnetars are at a suitable level (though rotating too slowly to be detectable sources for ground-based gravitational wave detectors). Unfortunately, internal field strengths and configurations are not well understood, and the mechanisms for burying fields beneath the surface are uncertain. Studies of one young pulsar with a braking index of n ≈ 1 (Espinoza et al. 2011 ) may point towards an evolving and increasing external magnetic field, with an internal field leaking out over time, but recently other mechanisms have been proposed to explain the evolution of the field that do not rely on an increasing magnetic field (e.g. Ho & Andersson 2012; Ç alişkan et al. 2013) . Mastrano & Melatos (2012) discuss the prospects of constraining field strength and configuration for recycled MSPs using gravitational wave data. This is also discussed in Pitkin (2011) , who shows limits that could be obtained on fully poloidal or toroidal field configurations. Further estimates of the quadrupoles that can be generated by internal magnetic fields for a given equation of state are given in Haskell et al. (2008 Haskell et al. ( , 2009 ); Akgun & Wasserman (2007) . limit for the Crab and Vela pulsars, further improving over past results. The mass quadrupole limits are generally within 10 34 -10 35 kg m 2 , with the Crab pulsar upper limit slightly lower at ∼7 × 10 33 kg m 2 . Therefore, for these stars to emit gravitational waves at current sensitivities the emission would most likely have to come from a quark star or one with a hybrid core, whilst the Crab pulsar is about an order of magnitude above the maximum quadrupoles expected for purely crustal emission. However, for advanced detectors the sensitivity for Crab pulsar would be consistent with most optimistic predictions for normal neutron stars. For J0537−6910, which has a quadrupole limit close to the Crab pulsar, future prospects may not be so good for reaching the most optimistic prediction for normal neutron stars. This is due to the requirement for phase coherent timing, which for these analyses relied on the no-longer-operational RXTE.
For the Crab and Vela pulsars, our results now limit the gravitational wave emission to contribute 1% and 10% of their respective spin-down luminosities, with an improvement of about a factor of 4 for Vela with respect to previous results. These limits are compatible with the observed braking indices of the pulsars, which are n = 2.51 and n ≈ 1.4 respectively (see e.g. Palomba 2000) .
Given various assumptions about the magnetic field discussed above, our results constrain the internal field of the Crab pulsar to be less than ∼10
16 G (e.g. Cutler 2002) . For the other high interest pulsars, the limits on the magnetic field would be even higher than this, so we have not included them here. Johnson-McDaniel (2013) relates the limits on the l = m = 2 quadrupole moment from the gravitational wave emission to the physical surface deformation of a star for a variety of equations of state, which can be compared to the oblateness due to rotation (note that there is no particular reason to expect a relation between these quantities). His results showed that previous gravitational wave limits for the Crab pulsar constrained the surface deformation from the l = m = 2 quadrupole to be well below the rotational deformation for all equations of state and neutron star masses. Our new results slightly improve these limits, with the physical surface deformation limited to less than ∼30 cm, maximized over masses and equations of state. For the Vela pulsar, our new results limit non-axisymmetric quadrupole deformations to be 100 cm, which is smaller than the expected rotational oblateness for equations of state with large radii.
For PSR J0537−6910, the quality of S6 data at the corresponding frequency was relatively poor, and the upper limits are no better than those produced during S5 (Abbott et al. 2010) . If this pulsar were, however, at the upper end of the moment of inertia range (∼3×10 38 kg m 2 ) the spin-down limit would be increased by a factor of ∼1.7, and we would now fall below it 155 .
4.3. Other highlights Several other pulsar upper limits are within a factor of 10 of their spin-down limits. For the MSPs, three upper limits are within a factor of ten of the spin-down limit: J1045−4509, a factor of 6; J1643−1224, a factor of 10; and J2124−3358, also a factor of 10. The upper limit that corresponds to the smallest ellipticity/mass quadrupole is from J2124−3358 with ε = 6.7×10 −8 and Q 22 = 5.2×10 30 kg m 2 . Although this value is currently above the spin-down limit, it is well within allowable maximum deformations for all neutron star equations of state (see e.g. Pitkin 2011). The gravitational wave spindown limits for these pulsars require quadrupoles that are well within reasonable theoretical ranges, so they will make intriguing targets for the advanced generation of detectors.
For the young pulsars only targeted with Virgo VSR2 and VSR4 data a further five are within a factor of ten of the spin-down limit (see Table 7 ). All of these would be required to have an exotic equation of state to be observed at around their spin-down limits in future detectors.
Future prospects
The search results described in this paper assume that the pulsar gravitational-wave phase evolution is very well known and tied very closely to the observed electromagnetic phase. However, precession (e.g. Zimmermann & Szedenits 1979; Jones & Andersson 2002) or other models (Jones 2010) could give emission at both the rotation frequency and twice the rotation frequency. Additionally, as discussed in Abbott et al. (2008) , emission may be offset from the electromagnetic phase model. We therefore will be applying methods to search for gravitational waves from known pulsars at multiple harmonics and with narrow bandwidths around the observed electromagnetic values in archival and future datasets.
We look forward to the era of the advanced LIGO (aLIGO) (Harry & LIGO Scientific Collaboration 2010) and Virgo (AdV) (Acernese et al. 2009; Accadia et al. 2012) detectors (see Aasi et al. 2013c , for estimates of the aLIGO and AdV observation schedule and sensitivity evolution), as well as the KAGRA detector (Somiya 2012) . Ongoing radio pulsar surveys are discovering new objects that will be targeted with future detectors. Currently, the High Time Resolution Universe survey with the Parkes and Effelsberg telescopes (Keith et al. 2010) has discovered 29 new MSPs (Keith 2013; Ng et al. 2013) and could discover up to ∼75 once complete. The high sensitivity Arecibo PALFA survey is discovering new pulsars (Lazarus 2013 ) and making use of distributed computing through Einstein@home (Allen et al. 2013) . The Green Bank Drift-scan survey and the Green Bank North Celestial Cap survey are also discovering new and interesting sources (Lynch et al. 2013 ). Many interesting high energy pulsars, undetectable in the radio frequency band, are also being detected by the Fermi Large Area Telescope (Saz Parkinson et al. 2013) . Fermi is also providing targets to facilitate radio searches which are finding many new MSPs. In addition, new analyses of archive data, such as using Einstein@home to search through Parkes Multi-beam Pulsar Survey data, are still yielding new results (Knispel et al. 2013 ). In the near future, there are exciting prospects from the Low Frequency Array (LOFAR), which could detect the majority of radio pulsars within ∼2 kpc, giving of order 1000 new pulsars (van Leeuwen & Stappers 2010; Stappers et al. 2011) , and perform deep searches for pulsars in globular clusters.
Finally, we should emphasize that known pulsar searches are not the only searches looking for gravitational waves from rotating, galactic neutron stars. There have been, or are under way, several directed searches looking for sources of unknown frequency and spin-down in particular objects e.g. globular clusters, supernova remnants (e.g. Abadie et al. 2010; Chung et al. 2011) , the Galactic center (Aasi et al. 2013a) , and low-mass X-ray binaries. There are also several semi-coherent, all-sky, wide-frequency band searches (e.g. Abadie et al. 2012; Aasi et al. 2013b ). Very similar pipelines will be used during the advanced detector era, yielding signal candidates, performing follow-ups and, in case of detection, source parameter estimation. Over the span of S6, VSR2, and VSR4 RXTE made observations of J0537−6910. It was observed to glitch four times during this period and phase connected ephemerides were produced for each inter-glitch segment. These ephemerides, given in Table 6 , use a DE200 sky position of α = 05 h 37 m 47. s 36 and δ = −69
• 10 20. 4 (Wang et al. 2001 ). Note. -Detector calibration errors mean that for pulsars with fgw below and above 50 Hz there are ∼6% and ∼20% uncertainties on these limits respectively.
† The pulsar's spin-down is corrected for proper motion effects. ‡ The pulsar's spin-down is calculated using a characteristic spin-down age of 10 9 years. # The pulsar's distance is calculated using the NE2001 model of Cordes & Lazio (2002) . a Results from S3/S4 (Abbott et al. 2007b) b Results from S5 (Abbott et al. 2010) . c New result from S5 using data covering 2006.
d Recently discovered pulsar with timing solution from after the end of S6 or VSR4. As this is an MSP the timing solution should extrapolate back well over the search period and it is unlikely that any glitches occurred.
